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ABSTRACT 
This thesis follows a systems engineering (SE) approach to develop system-level 
requirements and Measures of Effectiveness (MOE) for an amphibious fuel distribution 
system (AFDS) in the context of the expeditionary advanced base operations (EABO) 
concept. EABO entails small, distributed operations, under the threat umbrella of enemy 
detection and fires, with amphibious maneuvers initiated from over the horizon. The 
Navy has the responsibility to deliver fuel to the high-water mark in support of 
expeditionary operations ashore. However, the Navy developed the current fuel 
distribution systems to support 1980s-era doctrine, resulting in a system that is unable to 
support the tenets of EABO. The Navy and Marine Corps team is currently 
developing new amphibious fuel capabilities and requires a baseline for what AFDSs 
must do and how to measure success. Previous research has focused on the fuel 
demand of various operational scenarios, optimization of maneuver asset 
scheduling, development of delivery planning tools, and analysis of the fully 
burdened cost of fuel. Existing work on AFDS MOEs does not follow an SE approach. 
Using an SE process, specifically in needs and stakeholder analyses, this thesis 
proposes 28 system-level requirements and 12 MOEs for AFDSs in support of 
EABO. 
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The Navy’s amphibious fuel distribution equipment is unable to support modern 
amphibious operating concepts. To develop an effective solution, one must first understand 
what an amphibious fuel distribution system (AFDS) needs to accomplish, and then 
determine how to measure it. System-level requirements articulate what a system must do 
at its boundary in support of an overall mission objective. A measure of effectiveness 
(MOE) is a technical measure that evaluates a system in terms of mission accomplishment. 
This thesis follows a systems engineering (SE) approach to answer the following questions: 
• What are the system-level requirements for an AFDS in support of 
Expeditionary Advanced Base Operations (EABO)? 
• What are the appropriate MOEs for an AFDS in support of EABO? 
Previous research in this area has addressed topics such as fuel demand of deployed forces 
with various equipment mixes or optimization of transport craft schedules, but no one has 
evaluated AFDS requirements and MOEs specifically in support of the EABO concept. 
The scope of our study is limited to liquid petroleum fuels and does not address 
other forms of transported energy, or other oil and lubricant products. Our study considers 
only the amphibious fuel distribution leg of the overall naval fuel supply chain and 
considers only naval fuel distribution concepts, needs, and capabilities. Lastly, this thesis 
is limited to the development of system-level functional and interface requirements and 
MOEs and does not address specific solutions to the fuel distribution problem. 
The U.S. military focus has shifted to the Western Pacific, where the projected 
operating environment is austere, dispersed, and a very long way from home. The regional 
geography, composed of small, distributed island chains, will necessitate amphibious 
operations; however, our logistics support systems were designed in a different time for a 
different threat. Our AFDSs are based on 1980s-era doctrine and operating assumptions 
that are no longer valid. The United States Navy can no longer assume dominance in the 
littorals (Department of the Navy 2017). This has forced the seabase to move over the 
 xvi 
horizon, yet the Navy must still move fuel ashore in support of distributed, maneuvering 
units. To the best knowledge of the author, the most recent requirements for an amphibious 
fuel distribution capability are found in the 1984 operational requirements document for a 
commercial offshore petroleum, oil, and lubricant discharge system. 
To execute our SE analysis, we performed an operational and needs analysis, 
system analysis, stakeholder analysis, functional analysis, requirements analysis, and 
measures analysis. This process produced an operational concept, operational sequence 
diagram, super-system hierarchy diagram, system context diagram, weighted fundamental 
objectives hierarchy, functional decomposition hierarchy, and integrated definition method 
type-0 functional models. These analysis products allowed us to extract the system-level 
requirements from the model’s inputs, outputs, controls, mechanisms, and interfaces, and 
derive MOEs to address the fundamental system objectives. We also developed weighting 
factors and value curves for the MOEs so evaluators may fairly and consistently compare 
AFDSs with regards to how well they satisfy stakeholders’ fundamental objectives. 
Our analysis produced a set of 28 system-level requirements, categorized as input, 
output, external interface, and functional requirements. In addition, we produced 12 MOEs 
that decompose the primary fundamental objective of the system, which is to resupply 
EABO nodes with sufficient fuel to sustain operations. 
Ultimately, our journey through the SE process produced a logical set of 
requirements and MOEs which are supported by analysis products, and which map well to 
previous research. In addition, our system model enables further exploration of AFDS 
development. We recommend that AFDS developers validate our analysis products, further 
explore fuel distribution in the context of EABO with modeling and simulation, and follow 
the remainder of the SE process to develop and validate an AFDS. In addition, we 
recommend that the Navy consider the implementation of non-liquid sources of energy to 
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The Navy’s amphibious fuel distribution equipment is unable to support modern 
amphibious operating concepts. In order to develop an effective solution, one must first 
understand what an amphibious fuel distribution system (AFDS) needs to accomplish, and 
then determine how to measure it. 
A. PURPOSE 
The overall intent of this work is to inform the development of amphibious fuel 
capabilities to support future amphibious military operations. System-level requirements 
articulate what a system must do at its boundaries in support of an overall mission 
objective. A measure of effectiveness (MOE) is a technical measure that evaluates a system 
in terms of mission accomplishment. This thesis follows a systems engineering (SE) 
approach to develop system-level AFDS functional requirements and propose MOEs for 
AFDSs in the context of the Expeditionary Advanced Base Operations (EABO) concept.  
B. BACKGROUND 
To begin, this report will present the challenge of amphibious fuel distribution, 
current activities in the development of AFDSs, and a brief overview of the concept of 
requirements and measures. This background will serve to frame the following discussion 
on requirements and measures for AFDSs. 
1. The Evolving Challenge of Amphibious Fuel Distribution 
Sustaining a military operation halfway around the world is extraordinarily 
challenging. America’s military focus has shifted to the Western Pacific, where the 
projected operating environment is austere, dispersed, and a very long way from home. 
The regional geography, composed of small, distributed island chains, will necessitate 
amphibious operations; however, our logistics support systems were designed in a different 
time for a different threat environment. Our systems are ageing while the capacities and 
capabilities of our adversaries are increasing. In response, we must develop new 
 2 
amphibious fuel distribution capabilities to sustain distributed operating forces in the 
context of emerging operational concepts.  
The ability to resupply our forces with the necessary items to sustain operations is 
critically important for any expeditionary endeavor, warfighting or otherwise. Energy is a 
critical commodity for modern military equipment. Most of our fielded military equipment 
relies on liquid fuel for energy. It follows that our ability to resupply our expeditionary 
forces with liquid fuels is paramount to the success of any military operation. 
The Navy developed its current AFDSs to address 1980-era Cold War doctrine, 
which required a different capability than current operating concepts. The operating 
concepts of that era included large amphibious assaults with the subsequent buildup of 
major support and staging areas ashore (commonly referred to as the “iron mountain”). We 
presumed rapid achievement of air and sea dominance in the littoral region, enabling our 
capital ships to loiter close to shore without assuming major risk. As such, our AFDSs and 
other surface connectors (logistics transport assets) were designed to operate close to the 
shore and to remain in place for an extended duration. To the best knowledge of the author, 
the most recent requirements document for an amphibious fuel distribution capability is 
the 1984 operational requirements document (ORD) for a commercial offshore petroleum, 
oil, and lubricant discharge system (OPDS). This 1984 requirement called for a system 
with a range of 4 miles and a pumping capacity of 1.2 million gallons per day (Chief of 
Naval Operations [CNO] 1984). Our currently fielded systems were designed around this 
same requirement. For instance, the current OPDS implementation has a range of 8 miles 
and a capacity of 2 million gallons per day (Military Sealift Command 2016). In another 
case, the amphibious bulk liquid transfer system (ABLTS) has a range of 1.9 miles and a 
capacity of 720 thousand gallons per 20-hour operating day (Expeditionary Warfare 
Training Group 2016). The United States Marine Corps (USMC) proposed EABO concept 
of operations necessitates an updated set of requirements for an AFDS. 
The U.S. military has engaged in major conflict operations during the lifetime of 
our currently fielded AFDSs; however, these land-based conflicts have prioritized 
resources on land-combat systems, and have not provided the impetus to address our 
amphibious fuel delivery capability shortfall. At the same time, our operating concepts and 
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the capabilities of our adversaries have evolved. The Indo-Pacific region continues as a 
key region of focus for the Department of Defense (DoD) (Department of Defense [DoD] 
2018). The remote nature of the region, characterized by long distances between islands, 
makes logistics resupply operations challenging due to concerns of distance, time, and 
exposure (Department of the Navy [DoN] 2017). Our regional adversaries have a 
significant logistical advantage, as they are geographically closer and have the benefit of 
existing civilian and military infrastructure in the region. In addition, their threat 
capabilities have increased significantly to the point that our forces can no longer assume 
dominance in the littoral regions and must plan to operate in a contested anti-access area 
denial (A2/AD) environment (DoN 2017). 
Published concepts, such as Expeditionary Force 21 (EF21), and proposed 
concepts, such as EABO are characterized by small, distributed, dynamically maneuvering 
units in austere conditions. These concepts necessitate improved amphibious fuel 
distribution capabilities. The emerging concept of EABO calls for a new amorphous 
forward basing posture that is distributed, austere, mobile, temporary, low-signature, 
inexpensive, and suitably difficult for adversaries to track and target with long-range 
precision fires (Corbett 2018). This “inside” force will complement the traditional 
“outside” force comprised of a low number of highly capable naval assets that present 
extreme-value targets for enemy combatants and are tremendously risky to operate within 
the range of enemy fires (Corbett 2018). The expeditionary advanced base (EAB) will 
operate within the arc of enemy fire and may support a variety missions, such as persistent 
surveillance and land-based fires, forward arming and refueling point (FARP) operations, 
command and control (C2), electronic warfare (EW), and logistics and service support for 
joint operations (Corbett 2018). The EABO concept will require new AFDS capabilities 
comprised of new systems or new implementations of current systems. 
2. Current Activities  
Current amphibious logistics systems support a fundamentally different set of 
operating assumptions, and may not effectively support EABO and other modern 
amphibious concepts. Various multi-service efforts, such as the Mobile Amphibious 
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Assault Fuel Delivery (MAAFD) project, are underway to evaluate our current AFDSs and 
to experiment with prototype capabilities in support of emerging operating concepts (Brito 
et al. 2018). These assessments require appropriate MOEs in order to produce meaningful 
results; however, no one has rigorously defined the mission of the AFDS. We must 
understand this mission before we can answer the question of whether the system can do 
what we need.  
3. Requirements and Measures 
Many authors have defined the term “requirement” in the context of SE. Grady 
(2014) provides a robust definition of a requirement as “an essential attribute or 
characteristic for a system or an element of a system [that is] coupled with value and units 
information for the attribute by a relation statement” (94). There are several tiers of 
requirement for any given system, ranging from overall mission-level requirements to 
item-level requirements for specific system components. Figure 1 shows a pictorial 
representation of the hierarchy of requirements. 
 
Figure 1.  Requirements Pyramid. Adapted from 
Buede and Miller (2016, 148). 
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Stakeholder requirements “provide operational statements by the stakeholders concerning 
their needs ... [and] provide the means for validating the system’s design during 
qualification,” and system-level requirements represent the “translation (or derivation) of 
stakeholder requirements into engineering terminology” (Buede and Miller 2016, 145–
148). Any requirements below the system-level are dependent on the architecture and 
design of the chosen solution. 
Buede and Miller (2016) categorize requirements as “functional, interface, or 
system-wide [non-functional]” (157). They define these categories as: 
• Functional requirements relate to specific functions (at any level of 
abstraction) that the system must perform while transforming inputs 
into outputs 
• Interface requirements are usually constraints that define the 
reception of inputs and transmission of outputs between the system 
and the system’s environment 
• System-wide requirements (often called “-ilities”) are 
characteristics of the entire system; examples include availability, 
reliability, maintainability, durability, supportability, safety, 
trainability, testability, extensibility (growth potential), and 
affordability (e.g., operating cost). (Buede and Miller 2016, 157) 
While all types of requirements are important to fully specify a system, this thesis addresses 
only the functional and interface requirements of the AFDS and recommends the 
development of the non-functional “-ilities” as future work. 
We use a variety of technical measures to assess a system’s ability to achieve 
stakeholder objectives. The International Council on Systems Engineering (INCOSE) 
articulates three such types of measure, including the MOE, the measure of performance 
(MOP), and the technical performance measure (TPM): 
• MOEs are “operational” measures of success that are closely related 
to the achievement of mission or operational objectives; i.e., they 
provide insight into the accomplishment of the mission needs 
independent of the chosen solution; 
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• MOPs characterize the physical or functional attributes relating to 
the system operation; i.e., they provide insight into the performance 
of the specific system; 
• TPMs measure attributes of a system element within the system to 
determine how well the system or system element is satisfying 
specified requirements. (Roedler and Jones 2005, 6) 
In addition, the Defense Acquisition University defines a measure of suitability (MOS) as 
a “measure of an item’s ability to be supported in its intended operational environment. 
MOS’s typically relate to readiness or operational availability and, hence, reliability, 
maintainability, and the item’s support structure” (Defense Acquisition University [DAU] 
2018). 
C. STUDY OBJECTIVES 
This thesis addresses two primary study objectives and one supporting study 
objective. The primary study objectives address the effectiveness of an AFDS against the 
emerging concept of EABO. The primary study objectives are: 
• What are the system-level requirements for an AFDS in support of 
EABO? 
• What are the appropriate MOEs for an AFDS in support of EABO?  
The supporting study objective addresses the system boundaries and operating context for 
the AFDS. The supporting study objective is: 
• What is the system of interest (SOI) and super-system context; what 
systems will interface and integrate with the AFDS?  
D. OBJECTIVES 
The primary objective of this study is to derive system-level functional 
requirements, interface requirements, and MOEs in support of ongoing system 
development efforts such as the MAAFD project. The second objective of this study is to 
elicit and document customer needs to inform better system development for a variety of 
amphibious logistics systems and concepts. Additional objectives are to summarize the 
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relevant overarching doctrine and concepts as a resource for amphibious logistics system 
developers and to provide a real-life example of the application of the systems engineering 
process for requirements and MOE development to aid in similar future efforts. This study 
will benefit a variety of stakeholders, from engineers to logisticians to warfighting concept 
developers and planners, and will provide useful information in support of ongoing 
research, development, test, and evaluation (RDT&E) and fuel delivery system assessment 
efforts. 
E. SCOPE 
The scope of this study is limited to liquid petroleum fuels, and does not address 
other forms of transported energy (such as batteries or solid propellants), or other oil and 
lubricant products. Our future energy needs and capabilities are evolving. The military 
must consider a wide variety of energy resources as we move into an electrified future; 
however, this is beyond the scope of this thesis and is recommended as future research. 
The naval amphibious fuel supply chain is long and complex. Petroleum goes 
through a variety of sourcing, processing, storage, and distribution activities before being 
used as a liquid fuel in end-use applications. At its simplest, the naval petroleum supply 
chain undergoes: 
1. Extraction from the oil-field 
2. Raw product storage and transport to the refinery 
3. Refining 
4. Refined product storage 
5. Trans-oceanic bulk shipment 
6. Transfer to Navy vessels 
7. Over-the-shore delivery to land-based receptacles 
8. Storage and distribution via inland fuel networks. 
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This study considers only the amphibious fuel distribution leg (step 7) of the fuel 
supply chain described earlier (i.e., from seabase to the high-water mark). In addition, this 
study considers only naval fuel distribution encompassing Navy, USMC, Coast Guard 
(USCG), and Military Sealift Command (MSC) concepts, needs, and capabilities. 
However, it is important to note that any naval AFDS may be required to interface with 
Army or Air Force systems based on joint interoperability requirements and 
standardization efforts across the services. 
Lastly, this thesis is limited to the development of system-level functional and 
interface requirements and MOEs, and will not address specific solutions to the fuel 
distribution problem. In other words, we will only address what the system will be 
functionally required to do and how to validate it, but not how the system will accomplish 
its mission. 
F. THESIS ORGANIZATION 
This study follows a traditional SE approach to problem solving, which also drives 
the document structure. Chapter I introduced the problem of amphibious fuel distribution 
in support of EABO. Chapter II proceeds with a literature review in which we describe 
why the problem has emerged and discuss previous work in the topic area. Chapter III 
outlines the specific methods and problem-solving approach as applied to this study. 
Chapter IV presents the analysis and results. Chapter V summarizes the results and insights, 






II. LITERATURE REVIEW 
We find no evidence of existing work which applies an SE approach to solve the 
problem of a flexible, rapid response AFDS for EABO. This chapter will discuss the 
evolution of the current problem and related research. We will trace the problem 
development through a quick overview of 20th century naval doctrine to show that we were 
operating under different presumptions when the Navy developed the currently fielded fuel 
distribution systems. The chapter will conclude with a review the body of related work in 
the military research and development (R&D) and academic communities to explore the 
previously proposed MOEs related to fuel distribution and show that nobody has 
specifically addressed AFDS requirements and MOEs in the context of EABO. 
A. PROBLEM EVOLUTION 
The evolution of our amphibious fuel distribution capability gap tracks the course 
of modern naval history. To understand the problem, it is necessary to examine the 
fundamental naval operating relationships in the fuel distribution supply chain as well as 
the evolution of 20th century naval doctrine. 
1. Basic Naval Fuel Supply Chain Responsibilities 
All petroleum-powered Navy vessels carry fuel to support their own power 
requirements, and many carry limited amounts of fuel to support embarked vehicles and 
equipment; however, at some point, every vessel will need a resupply of fuel to sustain 
ongoing operations. The Military Sealift Command (MSC) combat logistics force (CLF) 
delivers bulk supplies and materials, including class III petroleum, oils, and lubricants 
(POL), to refuel Navy ships around the world (Joint Chiefs of Staff 2013). The Navy is 
responsible for delivering fuel to the high-water mark in support of Navy and Marine Corps 
operations ashore (Joint Chiefs of Staff 2016). A variety of CLF ships, Navy vessels, 
commercial vessels, and other sources may supply fuel to the Navy-operated AFDS, which 
will play a primary role in getting fuel to the high-water mark to resupply ground forces. 
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2. How We Got Here —Evolving Amphibious Warfare Doctrine  
Naval amphibious doctrine from the past 100 years reveals that the employment of 
small, distributed islands as advanced naval support bases in the theater of operations is 
not a new concept. Over time, amphibious forces recognized the need to distribute landings 
and engagements across a wide operational area instead of massing forces for a 
concentrated amphibious assault. Most recently, we recognized the need to move our 
supporting naval assets further offshore because of growing enemy capabilities in the 
littorals. 
The concept of establishing advanced naval bases throughout the theater of 
operations is by no means new. In 1921 Major Earl H. Ellis, USMC, developed Operation 
Plan 712H - Advance Base Operations in Micronesia. This concept proposed the capture 
and utilization of Pacific islands as forward bases to support naval operations in the Pacific 
(Ellis 1921). This reveals that distributed amphibious operations were in the minds of naval 
strategy developers nearly 100 years ago, thereafter informing both concept development 
and materiel development. 
The Navy and Marine Corps put these amphibious warfare concepts into practice 
approximately 20 years later in select geographic areas. During the Second World War, the 
United States operated on multiple fronts, including European and Pacific campaigns. In 
general, “amphibious warfare as practiced by the U.S. Marines was an overwhelming 
combined arms frontal assault” intended to overcome concentrated enemy defenses 
(Malkasian 2002, 23). However, in specific areas such as the Southwest Pacific, resource 
constraints on naval gunfire and air support drove amphibious tactics toward multiple 
distributed landings at enemy weak points; a key strategy involved the capture of island 
bases and airfields to enhance the flow of supplies (Malkasian 2002). 
In 1984, the Navy published The Maritime Strategy, followed shortly after in 1985 
by the Navy and Marine Corps Amphibious Warfare Strategy, which recognized the 
criticality of advanced amphibious bases in support of naval operations. The plans therein 
addressed a range of military operations up to and including total war with the Soviet Union 
on both Atlantic and Pacific fronts:  
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• Mobile, flexible naval combat operations cannot be sustained at 
great distances, or at high rates of engagement, without mobile and 
shore-based forward logistics support, backed up by sealift and 
bases in CONUS. ... Current forward bases would be reinforced with 
Advanced Base Functional Components (ABFC’s) [sic] to provide 
battle group logistics support; sustain P-3 operations; and provide 
hospital, repair, and construction support. ... Advanced forward 
bases, especially for P-3’s and Marines, would require naval Mobile 
Construction Battalion (SEABEE) Support [sic]. (Hattendorf and 
Swartz 2008, 99) 
Fast-forward 35 years and the preceding quote can be brought up to date instantly by 
changing “P-3” into “P-8.” 
A decade later, the USMC predicted that the majority of USMC operations would 
take place in the littorals and that the proliferation of advanced weapons technologies to 
state and non-state actors alike would push our seabases farther offshore. In Operational 
Maneuver from the Sea (OMFTS), the authors state that “the infrastructure of 20th century 
combat power – large dumps of fuel and ammunition, ships waiting for days to unload their 
cargoes, and crowded assembly areas – will make lucrative targets for the weapons of the 
21st century” (United States Marine Corps [USMC] 1996, 9). The Marines further 
reinforced these ideas in 2009 with the publication of Amphibious Operations in the 21st 
Century, which asserted that amphibious operations cover the entire range of military 
operations in permissive, uncertain, and hostile environments. In contingencies, opponents 
would likely be agile, dispersed, and would blend a variety of warfare tactics and weapons 
technologies that would necessitate multiple, simultaneous, and distributed amphibious 
operations from over the horizon (OTH). In addition, these documents asserted that U.S. 
naval amphibious capabilities had atrophied since the end of the Cold War due to the focus 
on prolonged operations ashore in Iraq and Afghanistan (Marine Corps Combat 
Development Command 2009, 7). 
The USMC continued the previous themes of the littoral operating environment, 
diversity of state and non-state adversaries, and OTH initiation of dispersed operations in 
the Expeditionary Force 21 capstone concept. EF21 restated the criticality of our “ability 
to establish a network of numerous austere advanced bases” to support naval operations 
and provided a historical perspective: “These conditions are remarkably similar to those 
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that existed before and during World War II in the Pacific, but with the added challenge of 
the increased range and precision of modern sensors and weapons” (United States Marine 
Corps [USMC] 2014, 10). 
Most recently, we have come to terms with the growing capabilities of our 
adversaries. Littoral Operations in a Contested Environment emphasizes that we can no 
longer assume littoral dominance and that we must be able to fight for control in the littorals 
across all warfighting domains. “The luxury of this presumptive maritime superiority 
meant that the capabilities, tactics, techniques and procedures (TTP) associated with 
fighting at sea, along with the idea that maritime power projection might need to be 
conducted in support of sea control, were allowed to wane” (DoN 2017, 5). It also reiterates 
the challenges and criticality of Navy / Marine Corps integration. 
Our Navy has spent the last 100 years “boiling a frog” through the slow evolution 
of naval amphibious warfighting doctrine; strategists have recognized all along the 
importance of distributed naval support bases and resupply to-and-from the sea, but have 
slowly pushed our ships farther offshore in response to growing enemy capabilities. Our 
modern concepts call for multiple, distributed, amphibious small-unit operations from 
OTH in a contested environment, and our supply support equipment has not kept pace with 
the challenge. These requirements began to emerge in doctrine in the early 1990s; however, 
the Navy developed the current fuel delivery systems based on an operational requirements 
document published in 1984. We developed our sealift support craft and fuel hose-reel 
systems for near-shore operations based on the presumption of littoral dominance; they 
were never intended to support the OTH operations described in current doctrine.  
B. RELATED RESEARCH ON EXPEDITIONARY FUELS 
Military logisticians, planners, and technology developers routinely study fuel 
consumption and resupply as critical logistics issues. As a result, there is a substantial body 
of work on fuel-related topics, published as both technical reports from military R&D 
organizations and as student thesis work. Typical focus areas include: 
• The fuel demand of operational scenarios based on the equipment set and 
tempo of operations, 
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• Operational effects (such as behavior or equipment mix) on fuel demand, 
• The feasibility to support a notional scenario with a mix of logistics 
systems, 
• Optimization of fuel delivery planning for a notional scenario, and 
• Analysis of the fully burdened cost of fuel. 
Yet, we find no evidence of previous work which employs an SE approach to requirements 
and MOE development for an AFDS in support of EABO. Nevertheless, much of the 
previous work in the area of fuel distribution can add value to this study, as each 
investigation considers something important about fuel delivery that may inform 
requirements or MOE development. 
1. Related Research by the Military R&D Establishment 
The MAAFD project is an active effort to assess the ability of current and prototype 
fuel-delivery equipment to support amphibious operations under modern warfighting 
concepts in A2/AD environments. The MAAFD project is currently developing a test and 
evaluation master plan (TEMP) to guide system assessment activities. The draft TEMP 
includes seventeen notional MOEs (in addition to several MOPs and MOSs) derived from 
three proposed critical operational issues (COIs); however, these are not supported in the 
TEMP by traditional SE analysis (Brito et al. 2018). We will review and consider these 
draft MOEs during the SE approach to MOE development followed hereafter.  
The Office of Naval Research (ONR) hosted a logistics wargame in 2010 that found 
the availability, capacity, and speed of logistics transport craft were major constraints in 
achieving the requisite bulk-liquid resupply rates of the projected 2024 Marine 
expeditionary brigade (MEB) conducting enhanced Marine Air Ground Task Force 
operations from OTH. This author was on the team which hosted the wargame, and recalls 
that the simulations revealed issues caused by insufficient fuel transfer rates at both the 
ship and land interfaces, which caused lift assets to loiter while waiting for a prior craft to 
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fill up or discharge fuel. These craft availability, speed, and fuel transfer-rate issues will be 
considered in the requirements and MOE generation processes. 
The ONR bulk-fuel science and technology (S&T) workshop in 2017 identified a 
variety of desirable fuel system characteristics, including unmanned fuel transfer 
capability, high mobility, high speed, high interoperability, low detectability, low cost, and 
real-time system status reporting (Crow and Kline 2017). The workshop was held to 
identify capability and S&T gaps in support of the EABO concept. The workshop 
developed a notional EABO scenario that this thesis will use to inform a baseline operating 
scenario for the purposes of geographic context, fielded equipment, operational tempo, and 
corresponding fuel demand. 
2. Related Academic Research 
Several students at the Naval Postgraduate School (NPS) have developed theses on 
the topic of expeditionary fuel distribution that reveal desired system capabilities and non-
intuitive second-order system considerations. Their research spans logistics optimization 
models, fully burdened cost calculations, doctrinal and behavioral effects on fuel 
consumption, and MOE development for littoral sustainment operations of joint force 
capabilities. These academic works provide insight into the variety of operational scenarios 
and equipment, simulation methods and approaches, and fuel distribution system 
stakeholders and their associated COIs. 
In 1999, LT Harold Viado, USN, developed a sea-based logistics optimization 
model that provides insight into requisite AFDS functionality through the formulation of 
the objective function and optimization constraints. The model evaluated the supportability 
of OMFTS with the landing craft, air cushion (LCAC) and MV22 Osprey tiltrotor vehicles. 
The analysis considered supportability of a Marine expeditionary unit from a seabase 
positioned OTH at standoff distances up to 200 miles, for two baseline operational 
scenarios including an amphibious raid and a humanitarian mission. The objective function 
of the model sought to minimize initial fuel footprint, while the constraints sought to 
incentivize just-in-time delivery and limit connector movements based on availability of 
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receiving assets to accept fuel (Viado 1999, 18). Viado determined that sea-based logistics 
was a viable support strategy for all of the scenarios considered in his analysis. 
The 2013 NPS team, called the “Cohort 311–122O/Super Group,” developed two 
MOEs for an amphibious logistics connector system, including: 
• Throughput of the connector system – capability of connectors to 
transport MEB 
• Reduction of fuel consumed by the MEB during the conduct of an 
amphibious assault over a baseline configuration. (Skahen et al. 
2013, 36) 
The NPS team’s analysis was based on then-current amphibious doctrine, and considered 
the equipment load of a notional MEB and the ship to shore connectors which would 
provide logistics support. They analyzed “potential changes in amphibious operations and 
area denial/anti-access (A2/AD) mission with the goal of reducing energy footprint while 
maintaining mission effectiveness” (Skahen et al. 2013, 1). Their study used a baseline 
notional scenario to develop two MOEs, an abstract functional architecture, and MOPs. 
Though they appear to be valid at first inspection, these MOEs were presented without 
some of the typical supporting SE analysis products (such as a super-system hierarchy or 
context diagram), for an amphibious connector system capable of more than just fuel, and 
for operating scenarios other than EABO. 
The 2015 NPS team, Team Gator, evaluated the architectures and effectiveness of 
littoral sustainment-operation mission packages. The analysis developed five COIs for the 
baseline scenario of an amphibious raid, including 1) deployable, 2) sustainable, 3) 
defendable, 4) reliable, and 5) affordable (Bradford et al. 2015, 39). Team Gator used these 
COIs to derive five MOEs, including 1) detectability, 2) timeliness, 3) adequacy, 4) 
sustainability, and 5) defendability (Bradford et al. 2015, 192–193). The team developed 
these MOEs using an SE approach with a heavy focus on modeling and simulation; 
however, the MOEs were developed to support analysis of the full spectrum of mission 
support, including activities such as personnel insertion. As such, the MOEs may lack the 
specificity for detailed analysis of the AFDS. In addition, it appears that some of these 
MOEs may be better suited as MOSs as they represent “-ilities.” 
 16 
C. BACKGROUND SUMMARY 
Our currently fielded AFDSs are based on 1980s era doctrine and operating 
assumptions that are no longer valid. The United States Navy can no longer assume 
dominance in the littorals (DoN 2017). This realization has forced the seabase to move OTH, 
and yet there is still a requirement to move fuel ashore in support of distributed, maneuvering 
units. 
Military researchers have conducted a variety of studies related to the topic of fuel 
distribution. Their research provides a variety of proposed MOEs, operational scenarios, 
equipment sets, and other considerations, all of which inform this analysis into AFDS MOEs. 
However, much of the previously reviewed analysis which produced these MOEs is not 
supported by SE methods, and is not specific to fuel-distribution systems, or the EABO 
concept. Table 1 shows a consolidated view of the previously developed MOEs with possible 
relevance to AFDSs. 
Table 1.   Previously Developed MOEs with Possible Relevance to AFDSs 
 
a. Adapted from Skahen et al. (2013)  
b. Adapted from Bradford et al. (2015) 
c. Adapted from Brito et al. (2018) 
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At first glance, many of these previously developed MOEs (such as throughput) 
seem appropriate for amphibious logistics delivery systems, and some (such as pumping 
capability and number of compatibility issues) seem appropriate for fuel delivery systems. 
That said, many of the previously developed MOEs (such as detectability and 
recommended skill sets) do not appear to measure the accomplishment of operational 
objectives and address non-functional requirements. These may be better categorized as a 
different type of measure (such as an MOS). This thesis will apply the SE methods 
articulated in the next chapter to develop system-level functional and interface 
requirements and MOEs for the specific scenario of an AFDS in the context of EABO. 
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III. METHODOLOGY 
The following sections present the who, what, when, where, why, and how of 
system-level requirements and MOEs. Discussed next is the corresponding process to 
follow in the development of functional requirements and MOEs for an AFDS. 
A. FUNDAMENTALS OF REQUIREMENTS AND MOES 
The DoD routinely faces acquisition decisions for military systems, and 
requirements and MOEs are critical inputs to inform these decisions. The acquisition 
community needs consistent, data-driven methods to determine whether to procure, field, 
and support any military system. Before developing a solution, one must formally 
document what a system is supposed to accomplish; requirements achieve this purpose. 
Acquisition decisions are based on a multitude of factors (such as affordability, 
producibility, and regulatory compliance), but the primary consideration is how well a 
system addresses the functional need for which it was developed. Functional requirements 
formalize this need, and MOEs provide a quantitative means to evaluate the 
accomplishment of this need through the achievement of mission objectives. Testing a 
system in accordance with its design specifications may not reveal whether (or how well) 
the system can achieve the overall mission. Stevens elegantly describes this concern: 
Ideally, a system is completely defined by a set of specifications in such 
a way that if the system is tested and found to comply with all 
specifications, this assures the system can accomplish its assigned 
mission. In actual practice, however, each specified characteristic 
represents a compromise … furthermore, some critical aspects of 
system performance can be overlooked in developing the breakdown 
into specific characteristics. The result is that systems may often fully 
comply with their specifications and still prove deficient in performing 
their assigned missions, or alternately, the system may fail one or more 
specification requirements, yet still perform the mission perfectly 
satisfactorily. (Stevens 1979, 18) 
Requirements exist at all levels of decomposition to define what the system, 
subsystem, or individual component must achieve. According to Buede and Miller (2016), 
mission requirements represent what the system must achieve “in the context of the super-
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system” (i.e., the overall mission), stakeholder requirements represent what the system 
must achieve as described in the native terms of the stakeholder, and system-level 
requirements represent the “translation of the stakeholder requirements into appropriate 
engineering terminology” (147–148). The Defense Acquisition University defines an MOE 
as “the data used to measure the military effect (mission accomplishment) that comes 
from using the system in its expected environment” (DAU 2018). Definitions provided by 
Buede and Miller (2016), Blanchard and Fabrycky (2011), Roedler and Jones (2005), and 
Stevens (1979) agree that an MOE is a solution-independent measure of mission 
accomplishment, which is evaluated under specific (operational) conditions. 
Requirements originate with the operational forces who have the need to execute a 
mission. The operational forces determine the scope of the mission and the capabilities 
necessary to achieve mission objectives. A capability gap exists when currently fielded 
solutions across doctrine, organization, training, material, leadership, personnel, and 
facilities are unable to provide the necessary capabilities. These gaps are the starting point 
for the requirements development process. A complete set of requirements must address 
all phases of the system life cycle; however, system-level functional and interface 
requirements are primarily focused on the operational phase. As such, MOEs must consider 
system performance in the operational environment, and test and evaluation activities 
should take place in as realistic an environment as possible. This extends beyond the 
physical environment and includes the operational context and conditions, types and 
configurations of interfacing equipment, and representative system operators (Stevens 
1979). A realistic operational environment can be challenging to replicate, particularly for 
military systems that will be exposed to enemy action and operated by stressed personnel. 
Requirements developers must consider the range of stakeholders across the 
complete system life cycle to gain a holistic sense of the mission of the system. 
Stakeholders often know what they want, but may have difficulty expressing their needs in 
appropriate terms (e.g., they routinely describe their needs in terms of specific solutions). 
For this reason, trained systems engineers work with stakeholders to elicit user needs, 
develop system requirements, and derive MOEs and other measures. 
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Requirements and MOEs book-end the SE process for system development; they 
are created at the earliest stages of the SE process yet employed at the end of development 
when it is time to validate that the system satisfies requirements and meets stakeholder 
needs, as shown in Figure 2. 
 
Figure 2.  Systems Engineering V-model. Source: Roedler and Jones (2005). 
Systems engineers begin requirements development as soon as stakeholders 
determine that a capability requires a materiel solution. They may develop MOEs as soon 
as stakeholders articulate the operational need for a system in terms of mission 
requirements; however, we do not evaluate a system against MOEs until operational testing 
at the end of the SE process. This is for the simple reason that the complete system (or 
major independently functional components) must be functional and available for testing 
in the representative operational environment. 
B. DEVELOPMENT OF AFDS REQUIREMENTS AND MOES 
Properly articulating the problem to be solved, and then validating that the solution 
addresses this problem is fundamental to the SE process. Buede and Miller (2016) 
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articulate several models of the overall systems engineering process, including the Vee 
(Figure 2), waterfall, and spiral; all begin with some kind of user needs and requirements 
definition step. They suggest that there are eight general steps to the SE process, the first 
of which is to “define the problem to be solved,” a major output of which is the definition 
of MOEs and constraints (50). To facilitate this, they propose the following seven steps of 
the stakeholder’s requirements development process: 
1) Develop operational concept. 
2) Define system boundary with external systems diagram. 
3) Develop system objectives hierarchy. 
4) Develop, analyze, and refine requirements (stakeholders’ and 
system). 
5) Ensure requirements feasibility. 
6) Define the qualification system requirements. 
7) Obtain approval of system documentation. (Buede and Miller 2016, 
152)  
We will follow steps one through six of this process in our requirements and MOE 
development, detailed in the following sections; however, step seven is for future work. 
1. Develop the AFDS Operational Concept 
Developing the operational concept for a system is a critical first step, as it provides 
the overarching frame of reference which underpins the remainder of the SE process. It 
articulates how users will employ a system by expressing the “major interactions of people 
and things with the system of interest” (Buede and Miller 2016, 166). We will base the 
AFDS operational concept on an aggregated list of stakeholder needs and existing 
operational concepts that previous expeditionary fuels researchers have developed. This 
begins by assembling a list of stakeholder needs extracted from a comprehensive review 
of the concept literature and previous research, personal experience in the area of 
expeditionary fuel systems, and conversations with subject matter experts in the 
expeditionary fuels community. We will analyze, group, de-conflict, and consolidate the 
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set of stakeholder inputs into an aggregated list of needs. The next step will be to update 
the scenario developed by Penn State for the EABO bulk fuels S&T workshop to form the 
operational concept. We will add detail as necessary based on the user needs and 
overarching concepts to ensure that our operational concept is in alignment with the 
emerging doctrine. Lastly, we will articulate a basic fuel distribution scenario within this 
operational concept in the form of a Systems Modeling Language (SysML) sequence 
diagram to show the major system interactions with external elements. The result of this 
work will be a consolidated list of stakeholder needs, an operational overview diagram 
depicting an AFDS operational concept, and a sequence diagram depicting a baseline fuel 
distribution scenario. 
2. Define the AFDS Boundary 
Defining the AFDS boundary is one of the most critical steps of the analysis. The 
system boundary determines what the system requirements will encompass, what external 
things the system will interact with, what functions the system will need to perform, and 
the frame of reference from which MOEs can evaluate system effectiveness. We will define 
the AFDS in terms of physical, functional, and behavioral limits to appropriately bound 
the SOI and scope the remainder of the analysis (Langford 2012). We will place the AFDS 
in context by evaluating the super-system hierarchy and plotting the super-system and peer 
systems. We will then define the external systems and system context to document those 
systems that the AFDS affects and those that affect the AFDS. This phase of analysis will 
result in a table of system boundaries, a super-system hierarchy diagram, and a system 
context diagram (Buede and Miller 2016). 
3. Develop the AFDS Objectives Hierarchy 
Some things are more important than others; all requirements and MOEs are not 
created equal from the perspective of the system stakeholders. A critical part of 
requirements and MOE development is creating an objectives hierarchy based on 
stakeholder values. To develop this hierarchy, one must first identify the system 
stakeholders to determine what they value. The stakeholder analysis process entails listing 
all parties that interact with or are affected by the system, categorizing each stakeholder 
 24 
with regard to its level of system interaction and relative importance, and articulating its 
primary needs and concerns. Langford (2012) describes primary stakeholders as those that 
“have direct input into the development of the system’s functional analysis and overall 
measure of effectiveness” and secondary stakeholders as those who “have limited 
weighting in the development of the functional analysis and overall measure of 
effectiveness model” (264). Stakeholders are not constant across the system life cycle. A 
comprehensive stakeholder analysis considers all stakeholders across all phases of the 
system life cycle. As this thesis focuses on the operational phase of the AFDS life cycle, 
we will only consider operational phase stakeholders in our analysis. 
Keeney (1992) presents the concept of fundamental objectives and means 
objectives, and articulates a method to create a structured value model. He describes a 
fundamental objective as one that “characterizes an essential reason for interest in the 
decision situation” (34). We determine the primary fundamental objective of the system 
from the stakeholder analysis and operational concept definition. Each fundamental 
objective of the system is decomposed into multiple lower-level objectives. “Lower-level 
objectives should be mutually exclusive and collectively should provide an exhaustive 
characterization of the higher-level objective,” and the hierarchy should be decomposed 
until such a point that “reasonable attributes can be found” (Keeney 1992, 78–80). We will 
determine the primary fundamental objective for the AFDS from our stakeholder analysis, 
needs analysis, and operational concept, and decompose the fundamental objective into 
sub-objectives, as described by Keeney. 
This decomposition process creates the qualitative value model of the fundamental 
objectives, from which we develop the quantitative model. The assignment of values to the 
model is a multi-objective decision analysis problem. There are numerous ways to assign 
weighted values to each objective. Swing weighting is a method that allows the model to 
incorporate the ranges of the various attributes under consideration and appropriately 
weight attributes based on how much they factor in the stakeholder’s decision (Parnell and 
Trainor 2010). Value function theory is a method for assigning a representative score for 
an individual measure across its range of values, which allows for non-linear evaluation of 
individual measures. Swing weighting ensures that each objective is appropriately 
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weighted to reflect the importance that stakeholders assign to that objective in comparison 
with the other objectives. Value curves ensure the appropriate rating of individual 
objectives across their range of potential values (Parnell and Trainor 2010). 
4. Develop AFDS System-level Requirements 
System-level functional requirements describe what the system must execute at the 
boundaries of the SOI, and system-level interface requirements indicate the things with 
which the system must interact. With the operational concept, system boundaries, and 
fundamental objectives hierarchy in place, we will decompose the system functions and 
map the system’s inputs, outputs, controls, and mechanisms (ICOM) on integrated 
definition method type-0 functional model (IDEF0) diagrams. The fundamental objectives 
hierarchy will serve as the primary basis for this functional decomposition. We will 
develop our AFDS model using Innoslate 4.0 SE software to link data elements across our 
functional hierarchy, IDEF0 models, and sequence diagram. The comprehensive set of 
IDEF0 diagrams will map out the system interactions with external systems, as well as 
internal interactions between system functions, and enable us to extract the AFDS 
functional and interface requirements. 
5. Ensure AFDS Requirements Feasibility 
System developers must ensure that requirements are feasible if the system is to 
have any chance of successful development and implementation. At the early stage of the 
SE process, developers can evaluate requirements feasibility through system modeling. In 
the scope of this thesis, we will develop a preliminary system model as previously 
described, which will articulate the functional interactions between the AFDS and external 
systems at their associated interfaces. This model provides a first step in ensuring the 
feasibility of system-level requirements as it will link data elements across the model views 
(diagrams) to ensure that any element on any diagram is appropriately portrayed wherever 
it is used. For example, any change in any attribute of a system function will propagate 
through the model and appear on all diagrams which include that system function. This 
ensures that the diagrams from which we develop our requirements are synchronized and 
not independently representing the system, which could lead to inconsistencies. In addition, 
 26 
this model provides the basis for future simulation activities, which enables the exploration 
of system performance in terms of time, cost, and other parameters. As a validation 
exercise, we can use the model to simulate and evaluate the system-level performance of 
currently fielded systems, which are generally considered to be ineffective, against the new 
requirements.  
6. Develop AFDS Qualification System Requirements 
Buede and Miller (2016) describe four types of qualification system requirements, 
including observance requirements, which address “how the estimates for each input/
output and system-wide requirement will be obtained”; verification requirements, which 
address “how the qualification data will be used to determine that the real system conforms 
to the design”; validation requirements, which address “how the qualification data will be 
used to determine that the real system complies with the stakeholders’ requirements”; and 
acceptance requirements, which address “how the qualification data will be used to 
determine that the real system is acceptable to the stakeholders” (184). Each type of 
requirement exists for each phase of the system life cycle. Measures of Effectiveness are 
the measures that support validation requirements during the operational phase of the life 
cycle and represent what we will develop within the scope of this thesis. 
Stevens (1979) presents a method to develop MOEs from the perspective of a 
systems engineering approach to operational test and evaluation (OT&E) activities. This 
approach is based on the identification of critical issues (CI), and the application of what 
he calls the essential elements of analysis (EEA) process. Stevens (1979) asserts that “the 
purpose of OT&E is to resolve CIs about the system,” and “the identification of CIs for 
OT&E is analogous to the first step in the SE process, that is, defining the problem” (21). 
The development of EEAs is straightforward. Each EEA begins as a CI rephrased to be 
testable. We then evaluate each EEA to determine if testers can address it with a single 
measurement. If not, we decompose the EEA into sub-questions. This process of 
decomposition continues until such point that a single measurement can answer each sub-
question. Finally, we review the complete set of EEA questions to remove redundancy 
(Stevens 1979). In our case, CIs are synonymous with our fundamental objectives and the 
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EEA decomposition process is synonymous with MOEs and subordinate measures. 
Rephrased in our terms, the purpose of OT&E is to validate that the system achieves the 
stakeholders’ fundamental objectives as measured by MOEs. To develop our MOEs, we 
will begin with the fundamental objectives hierarchy and rephrase the decomposed 
objectives in measurable terms to produce the set of MOEs. We will propose value curves 
for each MOE in order to provide a more usable set of measures for system stakeholders. 
We will develop many of these analysis products as a preliminary AFDS model in 
an SE software tool. This approach allows for the continued development, extension, and 
enhancement of the model, and for follow-on work in AFDS development, external system 
development, and simulation for scenario exploration. The requirements and MOEs 
produced by this analysis will be the author’s own work and should be validated by 
appropriate system stakeholders. In addition, these MOEs should be validated by testing 
them against current fuel distribution systems with known capability shortfalls in support 
of EABO, to ensure that the MOEs appropriately measure the required capabilities (i.e., a 
system with known shortfalls should not achieve high scores against the proposed MOEs). 
This chapter described the essence of requirements and MOEs, and outlined the 
method we will use to develop them for an AFDS in support of EABO. Chapter IV will 
proceed through the first six steps of the stakeholder’s requirements development process 
articulated by Buede and Miller, as we work to address our study objectives. 
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This analysis follows an SE approach to develop MOEs and system-level 
requirements for the AFDS. In accordance with the process, we consider only what the 
system must accomplish, and not how the system might go about its purpose. The result is 
a solution-neutral set of MOEs and requirements that accommodates the universe of 
possible solutions. System implementations may range from a five-gallon bucket to an 
autonomous stealth underwater self-swimming sea-snake fuel hose, and all of the following 
analysis products must serve as a solution-neutral backdrop to inform their evaluation. 
The following analysis begins with a basic description of the EABO operational 
concept. We then present a condensed set of user needs as extracted from a variety of 
literature sources and stakeholder inputs. The EABO concept and the condensed user needs 
inform the development of a notional scenario that provides the baseline for the remainder 
of the analysis. With this scenario as a backdrop, we place the AFDS in context with other 
systems and formally define the AFDS boundaries. At this point, we perform a stakeholder 
analysis to document the AFDS operational phase stakeholders and their objectives for the 
system, which we decompose into a fundamental objectives hierarchy. With the AFDS 
boundaries and operational concept defined, we develop a specific operational activity 
sequence to inform the necessary AFDS functional requirements and ICOM elements. We 
perform an AFDS functional decomposition and map functional interactions with external 
actors on an IDEF0 diagram. We use the system model and interaction of ICOM elements 
and interfaces to arrive at the functional and interface requirements for the system. Lastly, 
we reframe the decomposed set of fundamental objectives to arrive at the proposed set of 
AFDS MOEs, and we develop weighting criteria for the objectives hierarchy and value 
curves for the MOEs. 
A. AFDS OPERATIONAL AND NEEDS ANALYSIS  
This section presents a basic review of EABO, describe the basic set of stakeholder 
needs, as extracted from doctrine and end-user statements, and develop the notional 
operational concept and scenario around which we will frame the remainder of the analysis. 
 30 
The EABO concept revolves around an “inside force” comprised of a variety of 
equipment that operates within the range of enemy fires and supports a variety of missions 
(Corbett 2018). Units involved in EABO must be mobile and resilient. They will rapidly 
establish, operate, disestablish, and move to a new location to complicate enemy targeting 
and attack activities. EABs will support a variety of missions including intelligence, 
surveillance, and reconnaissance (ISR); mobile fires; anti-submarine warfare (ASW); 
forward arming and refueling at FARPs; maritime interception operations (MIO); and 
general fleet support (Corbett 2018). These missions may involve a diverse range of 
equipment such as the Ground/Air Task Oriented Radar (G/ATOR); High Mobility 
Artillery Rocket System (HIMARS); aircraft such as the MH-60 and AH-1Z helicopters, 
MV-22 Osprey, and F-35 Joint Strike Fighter; small boats such as the Riverine Command 
Boat (RCB); and various support equipment such as the Medium Tactical Vehicle 
Replacement (MTVR), High Mobility Multipurpose Wheeled Vehicle (HMMWV), 
Advanced Medium Mobile Power Source (AMMPS) generator, and Millennia Military 
Vehicle (MMV) extended boom forklift. 
The AFDS must address the needs of many stakeholder groups. To develop a 
preliminary list of system-level AFDS needs we evaluated relevant doctrine and reports 
including the EABO Handbook (Corbett 2018), EABO S&T Workshop Summary Report 
(Short 2017), EABO Bulk Fuel S&T Quick-look Report (Crow and Kline 2017), EF21 
concept (USMC 2014), and Littoral Operations in a Contested Environment (LOCE) 
concept (DoN 2017). We also reviewed end-user needs statements that were included as 
written survey responses in the EABO Bulk Fuel S&T Quick-look Report (Crow and Kline 
2017). We extracted any information from these sources that implied a requirement for the 
AFDS. We then re-phrased, grouped similar items, combined, and de-conflicted the 
statements into a condensed list, as shown in Table 2. 
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Table 2.   AFDS System-level Needs 
 
 
We note that many of the needs articulated in end-user statements express specific 
solutions or design concepts (such as fuel bladders, autonomy, and modularity). We refined 
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the list of needs to remove the solution-specific items and to express a consistent level of 
detail across the set.  
Some needs appeared more frequently than others. The most commonly expressed 
needs were high interoperability, low detectability, high austerity, and range. For 
interoperability, the system needs to be able to receive fuel from and provide fuel to as 
many suppliers and receivers as possible, including Navy, joint, coalition, and commercial 
entities, and should interface with as many support craft as possible to enable connecting 
and maneuvering. The system needs to operate across multiple domains including 
interaction with surface vessels, undersea systems, and land-based systems on the shore. 
Additionally, the system needs to be cyber-safe in the electronic domain. It also needs to 
be operable by as many personnel rates and skill levels as possible.  
Detectability is a subset of susceptibility, which is an element of survivability and 
better represented as a measure of suitability. Survivability is a combination of the 
susceptibility, vulnerability, and recoverability (Department of the Navy 2012). 
Survivability is a critically important need for any system supporting EABO; however, as 
an MOS, this study will not examine it further or include it with the set of MOEs.  
The AFDS needs to be able to operate in a rugged expeditionary environment, over 
unimproved shoreline, and without the aid of local infrastructure. This spans all domains 
including littoral and open-ocean conditions across the full spectrum of weather conditions. 
Lastly, for range, the system must be capable of supporting fuel distribution operations 
from over the horizon, articulated as beyond 65 nautical miles from shore in the doctrine 
(USMC 2014). This need will manifest in different ways depending on the chosen solution 
architecture (e.g., a fuel hose system versus a bladder system maneuvered by support craft), 
but also underscores the need to operate in open ocean conditions and beyond the line of 
sight. 
We used the refined set of user needs to develop a baseline operational concept and 
scenario to frame the remainder of this analysis. Figure 3 presents a graphical depiction of 
this scenario in an operational view diagram.  
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Figure 3.  Operational View of a Notional EABO Scenario 
Figure 3 depicts a scenario in which the AFDS, enabled by an operator and support 
craft, distributes fuel from suppliers (surface and subsurface) to EAB nodes. In the 
scenario, assets exchange information via a logistics C2 system. This operational view 
shows the AFDS as a cloud so as not to imply a design solution. 
Our operational concept and scenario build on the 2017 Penn State work described 
in Chapter II. We expanded the baseline scenario in these past studies to represent a broader 
EABO mission by adding ISR and fleet support nodes and adding equipment, including G/
ATOR ISR assets, AMMPS generators, MMV material handling equipment, and RCB craft 
for MIO support. Table 3 presents the set of fuel-consuming end-use equipment and their 
associated fuel consumption rates and daily usage estimates, which drives fuel demand 
across our notional EABO nodes. 
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Table 3.   Fuel-consuming Equipment for the EABO Operational Scenario 
 
Adapted from Crow and Kline (2017), with the following exceptions: 
a. Fuel consumption rate data for 60kW AMMPS from Cummins (2017) 
b. Fuel consumption rate data for MMV from Jackson (2010) 
c. Fuel capacity and range data for CB90H from Dockstavarvet (n.d.) 
 
We have described the basic set of stakeholder needs, as extracted from doctrine 
and end-user statements, and developed the notional operational concept and scenario 
around which we will frame the remainder of the analysis. We will now place the AFDS 
in context and describe the boundaries of the system of interest. 
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B. SYSTEM ANALYSIS  
The AFDS exists in a connected world of interacting systems. Figure 4 shows the 
general placement of the AFDS in the super-system context, showing both peer systems 
and parent systems with which the AFDS will interact. 
 
Figure 4.  AFDS Super-system Hierarchy 
The AFDS interacts with and is influenced by a variety of external assets. We show 
these interactions in a system context diagram. A context diagram shows external systems, 
which are the “entities that interact with the system via the system’s external interfaces … 
the external systems can impact the system and the system does impact the external 
systems,” and the system context, which are the “entities that can impact the system but 
cannot be impacted by the system” (Buede and Miller 2016, 47). Figure 5 shows the system 
context diagram for the AFDS. 
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Figure 5.  AFDS Context Diagram 
The center of this diagram shows the AFDS as a cloud, so that it does not influence 
possible design solutions. The middle ring of the diagram depicts the external systems 
which directly impact the AFDS, and the associated arrows represent the ability of the 
depicted assets to influence the system and vice versa. The external ring represents the 
overall operating environment, including the physical operating environment, regulatory 
environment, and threat environment. 
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Systems have physical, functional, and behavioral boundaries that define the SOI 
(Langford 2012). Physical boundaries represent the outer-most limits of a system in the 
material world. These are the external-facing boundaries of the system, where it will come 
into material contact with all other things. Functional boundaries represent the functional 
interface across which the system interacts with others. Behavioral boundaries represent 
the scope of influence on the activities of other systems, which may not be in direct, active 
functional engagement with the system. For example, end users that have knowledge of 
the system and are expecting an imminent fuel delivery may change their behavior with 
regard to fuel usage, even though they are not interacting directly with the AFDS at the 
time.  
We define the AFDS boundaries to exclude the system operator and support craft. 
The role of an operator or support craft with the AFDS is unknown. The universe of 
possible solution architectures (e.g., batch delivery solutions such as bladders or 
continuous delivery solutions such as hoses) could drive vastly different maneuvering and 
positioning requirements. One solution architecture may require transportation of the entire 
AFDS from the supplier to the receiver, whereas the other may only need intermediate 
hose-tending support and positioning of the end interfaces. In some implementations, the 
AFDS may be built into the support craft. Our system boundary definition is analogous to 
that of a shipboard missile system. There is no doubt that the missile is a system in-and-of-
itself; however, it is moved around the operational theater by the supporting ship and 
controlled by a fire control operator on the ship’s crew. For these reasons, the assumption 
of a particular support craft or operator implementation is currently left as external to the 
system, enabling an expanded set of potential solutions to the AFDS engineering problem.  
We have now placed the system in context and described the boundaries of the 
system of interest. In the next section, we will describe a basic mission scenario and the 
functional decomposition of the system to enable these activities. 
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C. TYING AFDS STAKEHOLDER OBJECTIVES WITH FUNCTIONAL 
ANALYSIS 
The stakeholder analysis phase of the process articulates the fundamental objectives 
of the relevant system stakeholders and allows us to zero in on what the system must 
accomplish in order to be considered effective. The fundamental objective of the 
operational phase stakeholders is to ensure that forces at EABs have sufficient fuel to 
sustain operations. This requires the interaction of a system of systems (SOS) working in 
concert to get fuel from an originating supplier to the end user. Each system in this 
operation has a subordinate fundamental objective to the overall stakeholder objective. The 
AFDS plays a key part in this SOS. Table 4 shows the AFDS stakeholders and their 
objectives for the AFDS during the operational phase of the system life cycle. 
Table 4.   AFDS Operational Phase Stakeholders 
 
 
We propose that the fundamental objective of the AFDS is to resupply EABO nodes 
with sufficient fuel to sustain operations, at the high-water mark. This objective can be 
decomposed into subordinate objectives. In order to resupply the EABO node fuel 
distribution systems, the objectives of the AFDS are to take fuel from a supply source, 
physically contain the fuel while it is moved to the required destination, physically access 
the required destination (show up), dispense fuel to the receiving system, and inform 
system operators of various parameters required to support system operations. Figure 6 
shows the weighted fundamental objectives hierarchy for the AFDS. 
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Figure 6.  AFDS Fundamental Objectives Hierarchy  
All objectives are not equally important. Clemen and Reilly (2001) described the 
process of swing-weighting used herein to establish weights for each individual objective. 
Table 5 presents the swing weighting results for our fundamental objectives. Swing 
weighting is a method to evaluate the relative importance of multiple elements in a decision 
problem. We develop these weights by comparing alternatives which consist of the best 
possible outcome in one objective and the worst possible outcome in all other objectives 
(as highlighted in green on the diagonal line in Table 5). We rank these outcomes from best 
to worst and assign a corresponding level of points to each outcome. We then divide the 
points awarded for each outcome into the total point value to determine the weight of each 
individual objective. These weights add up to one at each tier of the objectives hierarchy 
shown earlier in Figure 6. 
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Table 5.   AFDS Fundamental Objective Swing Weight Matrix. 
Adapted from Clemen and Reilly (2001). 
 
 
For this analysis, we applied the author’s experience to evaluate the importance of 
each objective, and recommend future work to validate the ranges, ranks, and weights with 
primary system stakeholders including operational units responsible for fuel delivery. 
From the author’s perspective, the three most important objectives are connecting to a fuel 
receiver, connecting to a fuel supplier, and connecting to support craft. Achieving these 
objectives is absolutely critical to ensure that the system can receive fuel, get the fuel where 
it needs to go, and provide fuel to those who need it. 
D. AFDS FUNCTIONAL ANALYSIS  
To frame our analysis, we define a basic fuel resupply mission for the AFDS, and 
use this in concert with the system context to decompose the functions of the AFDS. A 
tremendous variety of possible AFDS mission scenarios exist within the scope of the 
previously defined EABO operational scenario. The following mission sequence describes 
a routine fuel distribution activity as informed by the previously reviewed user needs and 
our notional operational scenario. This mission sequence, shown in Figure 7, begins with 
an end-user submitting a fuel request to the logistics C2 system. The logistics C2 system 
tasks the AFDS operator with the fuel mission. After evaluating the onboard type and 
quantity of fuel, the AFDS operator requests maneuver support from the support craft, 
 41 
which positions the AFDS at the location of the fuel supplier. The system operator connects 
the AFDS to the fuel supplier, which provides fuel to the AFDS. The operator disconnects 
the AFDS and requests support from the support craft, which positions the AFDS at the 
location of the fuel receiver. The operator connects the AFDS to the fuel receiver and the 
AFDS provides fuel. Once complete, the operator disconnects the AFDS from the fuel 
receiver and provides a mission status report back to the logistics C2 system. Note, that we 
also consider an alternative version of this sequence in which the AFDS is simultaneously 
connected to the supplier and receiver (as could be the case in a fuel-hose type system). 
There are many possible variations of this sequence such as the case where the AFDS 
already has fuel aboard and does not need to visit the supplier, or where the AFDS 
exchanges fuel with multiple suppliers and receivers during the mission. 
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Figure 7.  Basic AFDS Mission Sequence Diagram 
We decompose the primary AFDS function into multiple sub-functions to achieve 
the required system functionality that enables our baseline sequence of events. This 
functional decomposition is shown in Figure 8. 
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Figure 8.  AFDS Functional Hierarchy 
The primary function of the AFDS is to distribute fuel. To accomplish this function 
in accordance with the previously defined mission sequence, the AFDS must receive fuel, 
contain fuel, provide fuel, exchange information, and interface with support craft. We 
further decompose these functions to depict the need to accept interface modifications and 
connections with both the supplier and receiver, as well as the need to exchange 
information with the system operators. 
The overall system accomplishes these functions subject to a variety of inputs, 
outputs, controls, and mechanisms. The AFDS receives a variety of inputs, including forces 
to configure and maneuver the system, as wells as information, and fuel. The system 
function is subject to the operating restrictions of a variety of controls including operator 
commands as well as military, environmental, industrial, and local regulations. The system 
function is enabled by the AFDS mechanism and the system outputs are information and 
fuel. 
We represent the integration of the system ICOM and functional hierarchy in an 
IDEF0 diagram, as depicted in Figure 9. This diagram shows the external system functions 
and depicts their interactions with the primary AFDS function via ICOM pathways. The 
diagram also shows basic interactions among the external system functions. 
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Figure 9.  AFDS Primary System Function IDEF0 Diagram 
Drilling in from the system-level IDEF0 diagram, we produce a cascading set of 
IDEF0 diagrams which represent the ICOM interactions at all levels of our functional 
decomposition. The first-level decomposition, as shown in Figure 10, represents the system 
interactions between the internal system functions. To create a comprehensive system 
functional model, we produced a complete set of IDEF0 models for all AFDS functions, 
down to the lowest level of functional decomposition depicted in Figure 8; however, the 








Figure 10.  AFDS Level-1 Functional Decomposition IDEF0 
The preceding analysis describes the functional decomposition of the AFDS in 
support of a basic mission sequence. We will now move on to the analysis of system 
objectives and development of MOEs. 
E. AFDS REQUIREMENTS 
The SE approach used in this analysis allows us to generate a holistic set of system-
level functional requirements based on the interactions built into the system model. Some SE 
software tools can auto-generate functional requirements based on the ICOM and system 
interfaces, provided that the model has sufficient detail. The aggregated set of inputs and 
controls that feed into the primary system function result in the set of input requirements. We 
phrase these as “the system shall accept [input/control] from the [external asset providing the 
input/control].”  Similarly, the outputs from the primary system function result in the set of 
system output requirements. We phrase these as “the system shall provide [output] to the 
[external asset receiving the output].” We use the external assets that exchange any input or 
output with the system to define the interface requirements as “the system shall interface 
with the [external asset] through the system-[external asset] interface.” Lastly, we use the 
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first level functional decomposition of the system to define the functional requirements as 
“the system shall [execute function].” The set of system-level functional requirements for 
the AFDS is presented in Table 6. We used the Innoslate 4.0 SE software tool to generate 
these requirements based on the AFDS model. Once generated, we reviewed the set for 
completeness and edited for grammar and word choice to improve readability. 
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Table 6.   AFDS Functional Requirements 
 
 
F. AFDS MEASURES 
As described earlier, the primary function of the AFDS is to distribute fuel. This 
function achieves the operational effect of resupplying EABO operating forces with 
 48 
sufficient fuel for continued operations, fulfilling the fundamental objective of the system. 
The subordinate objectives shown in Figure 6 enable this fundamental objective. With the 
fundamental objectives hierarchy established, we develop the MOEs by considering the 
ways in which we will measure the accomplishment of these fundamental objectives. We 
reframe the fundamental objectives into individual measurements, which represent the 
accomplishment of the associated objective. These measures comprise the set of system 
MOEs. 
Table 7 shows the system MOEs in detail, including the corresponding objective, 
the preferred direction of the measure represented as more-is-better (MIB) or less-is-better 
(LIB), the units of measurement, and the corresponding range of expected values. This set 
of measures are complete, relevant, supported by collectable data, easily understood, and 
mutually exclusive (Stevens 1979, 55). Because we derived the MOEs directly from the 
fundamental objectives hierarchy, we assume that the relative weights for each MOE match 
the weight for the corresponding objective, listed in Table 5. We developed the value 
ranges for each MOE based on the details of previously described operational scenario. For 
example, the system has a capacity range set as 0 to 26,000 gallons to accommodate the 
fuel requirements of a single day of operations (25,667 gallons) as calculated in Table 3. 
Future system developers should validate these ranges with primary system stakeholders, 
and this could be future work.  




We developed preliminary value curves for each measure in order to appropriately 
score MOE results for any candidate system. Value curves “convert candidate solution scores 
on the value measures to a standard unit” to enable integration of measures with disparate 
units (Parnell and Trainor 2010, 332). In addition, they allow for the measures to have non-
linear returns to scale. For example, a system with twice the capacity may not provide twice 
the value to the stakeholder. Figure 11 represents the set of proposed value curves for the 12 
MOEs produced by this analysis.  
MOE 1.1, the probability of successful AFDS-supplier connection, represents an 
AFDS’s ability to connect to the wide variety of potential fuel-suppliers in theater. A 
successful connection can be further defined as being physically compatible, able to be made 
in the operating environment, and able to be made within an acceptable timeframe. This 
MOE is represented as a percentage, with a higher probability of connection viewed as more 
desirable. The value curve associated with this MOE takes the shape of an S-curve. 
Probabilities from 0–50% have very little value, as these systems will be significantly 
constrained in terms of what they can connect to. Value increases sharply as probabilities 
rise from 50–90%, then taper to flat between 90–100% as systems with a 90% probability of 
successful connection will be able to interface with the significant majority of fuel suppliers 
in the field. 
MOE 1.2, input flow-rate, represents the speed at which an AFDS can accept fuel 
from a supplier, as measured in gallons per minute. Faster is better for this measure, as it 
means that the system will require less time on station (reducing the likelihood of becoming 
a target, and enabling the supplier to connect to more AFDSs within a time period), and can 
complete distribution missions faster. The value curve for this MOE is linear (e.g., twice the 
flow-rate is twice as valuable.) 
MOE 2.1, system capacity, represents the total amount of fuel that an AFDS can 
contain at any given time, as measured in gallons. For this measure, more is better, right up 
until the maximum fuel quantity needed for the mission scenario. The value curve for this 
measure provides increasing (convex) returns to scale; value drops rapidly as system capacity 
diminishes from the desired quantity. This is because systems with lower overall capacity 
will be forced to make multiple trips, adding time, risk, and cost to the distribution mission. 
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MOE 2.2, percent of compatible fuel types, represents an AFDSs ability to distribute 
the variety of possible fuel types that may be present on the battlefield. Multi-service (or 
multi-national) operations may necessitate a variety fuels such as JP5, JP8, no.2 diesel, JET-
A, F-24, F-76, TS-1, biodiesels, and other fuel blends. Different fuels have different 
chemistries which may interact differently with AFDS materials and components. For this 
measure, compatibility with more types of fuel is more valuable. The value curve is a linear 
representation of an S-curve; systems that are compatible with less than 40% of battlefield 
fuels have no value. Value rises quickly and linearly to the maximum for systems which are 
compatible with 90% of battlefield fuels. 
MOE 2.3, product loss, represents an AFDSs ability to keep fuel within the system 
boundaries and exchange fuel with the supplying/receiving systems without spillage or leaks. 
Spilling fuel is undesirable, as it results in wasted resources, extra cost, less fuel to the 
receiving unit, environmental harm, and possible regulatory violation. Product loss is 
measured in gallons per minute. The associated value curve for this measure provides a 
decreasing (concave) return to scale. Systems which experience no product loss return the 
maximum value, and the value drops off quickly then flattens out for systems that experience 
loss rates greater than 20 gallons per minute. 
MOE 3.1, probability of successful AFDS-support craft connection, represents an 
AFDSs ability to interface and interact with any supporting craft and platforms necessary to 
position and maneuver the system. We defined the AFDS functional boundary to exclude 
any functions associated with positioning the interfaces to external systems and maneuvering 
the overall AFDS system. Getting the AFDS where it needs to be in the operational theater, 
in position, and connected is critically important to the success of the overall mission of the 
system. A tremendous variety of craft may be able to provide these functions to the AFDS. 
A higher probability of connecting to a support craft is more valuable. The value curve for 
this measure is an increasing S-curve. Connection probabilities below 30% return little value. 
Values rise sharply as probabilities rise from 30% to 70%, and then taper to the maximum 
value as the probability reaches 100%. 
MOE 3.2, maneuverability impact on support craft, represents the level of reduction 
in maneuver capability that an AFDS imparts to a support craft when connected, as compared 
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to the baseline maneuverability of the craft at its nominal design ratings. For example, if a 
design parameter for a craft is 100 knots at its nominal design load, and the craft can only 
achieve 80 knots when connected to an AFDS, then this represents a 20% reduction in this 
parameter of maneuverability. Support craft maneuverability may be further decomposed to 
speed, draft, ability to cover terrain, or other parameters; however, these are properties of an 
external system and will thus be dependent on and tailored to the support craft in question. 
The value curve for this measure is a decreasing S-curve, where lower impact to system 
maneuverability returns a higher value rating. The value drops slightly as maneuverability 
impact increases from 0–10%, and then drops sharply as maneuverability impact increases 
up to 50%. Maneuverability impacts between 50–80% return very little value, with impacts 
above 80% returning no value. 
MOE 4.1, probability of successful AFDS-receiver connection, represents an 
AFDS’s ability to connect to the variety of fuel receivers in the operational theater. This 
MOE is represented as a percentage, with a higher probability of connection viewed as more 
desirable. The value curve associated with this MOE takes the shape of an S-curve, with 
identical values and logic to MOE 1.1. MOE 4.1 parallels the rating methods of MOE 1.1; 
however, it is kept as a separate measure, as connectivity to suppliers does not necessarily 
imply connectivity to receivers. 
MOE 4.2, output flow-rate, represents the speed at which an AFDS can transfer fuel 
to a receiver as measured in gallons per minute. Higher flow-rates are better for this MOE 
and the value curve has the same shape, values, and underlying logic as MOE 1.2. As with 
MOE 4.1, this measure parallels the equivalent input flow-rate measure, but the input flow-
rate does not necessarily imply an equivalent output flow-rate so this is maintained as a 
distinct objective and corresponding measure. 
MOE 5.1, percent of desired information provided, represents an AFDS’s ability to 
communicate necessary information to a system operator. The system operator is an external 
system that needs information from the AFDS to inform operations. This information could 
be anything from current fuel type onboard, to current quantity onboard, to current interface 
configuration, to system health information. The necessary information will depend on the 
type of system operator and what information the operator needs to effectively operate the 
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AFDS (e.g., an autonomous operator implementation may need different or additional 
information compared to a human operator implementation). The MOE measures how much, 
by percentage, of the desired information that the AFDS can provide. A higher percentage 
of desired information provides a higher value for this measure, and the value curve takes 
provides increasing (convex) returns to scale. AFDSs which cannot provide operators with 
desired information will likely be ineffective. As a result, the value rises slowly from 0–60% 
where it then increases sharply all the way to the maximum value at 100% of desired 
information provided. 
MOE 5.2, accuracy of information provided, represents the correctness of the 
information provided by an AFDS. Operators require accurate information in order to safely 
and effectively operate an AFDS, so higher accuracy returns a higher value. The value is 
measured as a percentage of accurate, and the curve prevents increasing (convex) returns to 
scale. The value rises slowly for accuracy values ranging from 0–60% and climbs sharply to 
the maximum value at 100% information accuracy. 
MOE 5.3, time to exchange information, represents the time necessary for an AFDS 
to provide desired information to the system operator, as measured in minutes. Delays in 
information transfer can result in delays to the overall system mission. The value curve takes 
on a linear decreasing shape. Faster times enable more efficient operations and return high 
values. As the system takes longer and longer to communicate, the value decreases linearly 
to zero at the maximum potential time in the measurement range (10 minutes). 
The MOE weights and value curves allow us to fairly and consistently score and 
compare candidate AFDSs with regards to how well they satisfy the stakeholders’ 
fundamental objectives. To score a candidate system using these MOEs, we would use the 
value curves to translate the system’s raw performance data into a normalized value for each 
MOE. We would then multiply these normalized value scores with the corresponding MOE 
weights, and sum the weighted values to arrive at a total value score, which we could 
compare directly with the total value score of alternative system candidates. Future work 
could have system developers validate the range, shape, and profile of these proposed value 
curves with primary system stakeholders.  
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Figure 11.  Proposed Value Curves for the AFDS MOEs 
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The systems engineering process is a straightforward, logical approach to the 
development of system requirements and MOEs. Over the course of this analysis, we 
developed a baseline operational scenario, established the system context and boundaries, 
determined the system’s fundamental objectives, decomposed the system functions, and 
modeled the system functional interactions in the context of our scenario to result in a 
weighted set of MOEs and a holistic set of system-level requirements. 
We developed a set of 12 MOEs for the AFDS as bounded in this analysis, 
answering the primary study objective: What are the appropriate MOEs for an AFDS in 
support of EABO? These MOEs are generally aligned with the MOEs developed by 
previous analyses as described in Chapter II. There are differences with previously 
developed MOEs due to system boundaries and the supported operational concepts; 
however, there are no obvious conflicts which would necessitate a reconsideration of the 
analysis. The closest set of previously developed MOEs was contained in the MAAFD 
TEMP. The MAAFD MOEs are scoped to apply to the overall fuel delivery capability, 
including what we define as the AFDS, system operator, and support craft. Nevertheless, 
there is correlation between several of the MAAFD and AFDS MOEs, including storage 
volume, pumping capability, and number of compatibility issues.  
In addition to the MOEs, we produced a set of system-level functional requirements 
to address the other primary study objective: What are the system-level requirements for 
an AFDS in support of EABO? That analysis produced 28 unique functional requirements, 
categorized as input requirements, output requirements, interface requirements, and 
function requirements. We generated these requirements purely from the interactions 
depicted within our AFDS model, using the Innoslate 4.0 SE tool. 
Lastly, this work addressed the secondary study objective through the course of our 
analysis: What is the system of interest (SOI) and super-system context; what systems will 
interface and integrate with the AFDS? We defined the SOI in terms of physical, 
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functional, and behavioral boundaries, and placed it in context with a super-system 
hierarchy diagram and a system context diagram. 
B. INSIGHTS 
The course of this analysis provided several insights into amphibious fuel 
distribution under the EABO concept. They may seem obvious in retrospect; however, the 
act of reviewing the relevant literature, analyzing user needs, modeling the system, and 
conducting the analysis clarified and cemented these needs in the author’s mind. 
First and foremost, fuel distribution under the EABO concept will be extremely 
challenging. The combination of austerity, constant repositioning, vast operating range, 
and constant threat of attack provide an unforgiving environment for any system. Any 
AFDS solution will need to be rugged to survive in this operating environment. 
Second, interoperability is a premium characteristic for any AFDS supporting 
EABO. The AFDS is one element of an SOS that provides amphibious fuel distribution 
capability. AFDSs must be able to connect to as many different types of fuel sources, 
receivers, and support craft as possible. Fuel is a precious commodity, and our forces must 
be able to accept it wherever and from whatever source it becomes available. In addition, 
there will likely be a wide range of possible support craft with which the AFDS should be 
capable of interfacing, and each may present a unique physical and interface architecture 
(e.g., an LCAC versus a RCB versus a commercial offshore vessel). The need for 
interoperability presents a challenge simply from the number of possible physical interface 
configurations and creative design solutions may be required to maximize system 
compatibility. In addition, fuel sources and receivers may be present in any physical 
domain. Before this analysis, the author had not considered the possible need for an AFDS 
to connect to an autonomous underwater fuel vessel on-the-move while resisting a cyber-
attack; however, this represents just one of the many possible connection scenarios. 
Third, the range of possible EABO scenarios is extensive in terms of geography, 
mission, unit composition, operational tempo, and threat environment. It is unlikely that 
there will be one “ideal” AFDS solution, and the concept may be best suited by a variety 
of AFDS types and scales. System developers should thoroughly explore the range of 
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EABO scenarios through modeling and simulation to inform system development of AFDS 
solutions. 
Lastly, bulk liquids present unique supply chain challenges ranging from interface 
compatibility and the desire not to leak, to the physical effects of sloshing on any 
supporting containment and transportation system, to the requirement to pressurize a fluid 
in order to move it through a system. These unique challenges associated with moving bulk 
liquids provide a variety of reasons to explore alternative (non-liquid) energy supplies 
which may significantly ease the energy resupply mission and enhance operational 
effectiveness. 
C. RECOMMENDATIONS 
This analysis represents a preliminary step towards the realization of an amphibious 
fuel distribution capability that can support the EABO operating concept. Nevertheless, 
there is a substantial amount of work to be done on the way to realizing this capability. 
First and foremost, we recommend that system developers validate the preliminary 
products which we produced with appropriate system stakeholders. This includes 
validation of the user needs, validation of the mission scenario, validation of the system 
boundaries and functions, validation of the objective model and MOEs, validation of the 
weighting factors and value curves, and validation of the system-level functional 
requirements. 
Second, we recommend that system developers create a comprehensive set of non-
functional requirements, addressing system survivability, reliability, availability, 
maintainability, producibility, affordability, human systems integration, and other “-
ilities.” In addition, we recommend that they produce a set of appropriate MOSs to measure 
the achievement of these non-functional requirements. Though not addressed in this 
analysis, non-functional requirements are critical to the success of any system. 
 Third, we recommend that system developers expand and enhance the system 
model to consider additional operational scenarios, decomposition and analysis of external 
system functions (to include information exchange activities), development of additional 
activity and sequence diagrams, and simulation of the model with detailed cost and time 
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estimates for system activities. Modeling and simulation in conjunction with SE is a 
powerful approach to system development which can inform critical decisions early in the 
system life cycle while the cost of change is relatively low. 
 Fourth, we recommend that system developers expand this analysis beyond bulk 
fuel distribution to consider the challenges of bulk energy distribution in the context of 
future warfighting equipment concepts. Electrical energy storage is decreasing in cost and 
increasing in capability, allowing for the burgeoning adoption of electric vehicles in the 
consumer market. Future military equipment may follow the same trend, as electric utility 
vehicles have already been demonstrated at an Advanced Naval Technology Exercise 
(Christian 2018). 
Finally, we recommend that system developers continue through the full spectrum 
of the SE process to realize an actual AFDS! Once developed, end-users should thoroughly 
evaluate this system in the relevant operational environment to ensure that it is effective in 
meeting their operational needs. 
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